Mutants of Pseudomonas aeruginosa PAC1 which could grow on L-threonine were isolated. These mutants, like the parent strain, synthesized a biosynthetic threonine deaminase, but its apparent K, value for threonine was higher than that of the enzyme from strain PAC1. These mutants also synthesized an inducible NAD-dependent threonine dehydrogenase, which was not present in the parent strain. No threonine aldolase activity could be detected. The results suggest that the threonine deaminase with lowered affinity for L-threonine, together with L-threonine dehydrogenase, enabled these mutants to utilize L-threonine as the sole source of carbon for growth. 0022-1 287/80/0000-8934 $02.00 0 1980 SGM Downloaded from www.microbiologyresearch.org by
INTRODUCTION
Many alternative routes for the microbial catabolism of threonine have been found. The most common pathway involves an NAD-dependen t L-threonine 3-dehydrogenase (EC 1.1 . 1 .lo3 ; L-threonine:NAD+ oxidoreductase) as the first enzyme (Bell et al., 1972; Bell & Turner, 1976; Lessie & Whiteley, 1969; Potter e,! al., 1977) . The 2-amino-3-oxobutyrate so formed is cleaved to acetate and glycine (Bell lk Turner, 1976) . However, in some cases, the first reaction for the degradation may be catalysed by L-threonine aldolase (EC 4.1 .2.5; L-threonine acetaldehyde-lyase) (Morris, 1969; Bell & Turner, 1977) . Many strains of Pseudomonas and Alcaligenes apparently possess low activities of threonine deaminase (EC 4.2.1 .16; L-threonine hydro-lyase) iind threonine dehydrogenase (Bell et al., 1972) . Catabolism in these cases may involve novel routes, or the enzymes may possess atypical properties.
Two distinct types of threonine deaminase have been described (Umbarger & Brown, 1957) . In the Enterobacteriaceae, the biosynthetic enzyme is produced constitutively when the bacteria are grown in the presence of glucose under aerobic conditions (Freundlich et al., 1962 ; Burns, 1971) . The biodegradative threonine deaminase is produced during anaerobic growth and induced in the presence of threonine and serine in the growth medium (Shizuta & Tokushige, 1971 ; Luginbuhl et al., 1974) .
Pseudomonas aeruginosa PAC1, like most Pseudomonas species, is unable to utilize L-threonine as sole source of carbon for growth. We have shown that it possesses a biosynthetic type of threonine deaminase and that no biodegradative deaminase can be identified (Lam & Yeung, 1978) . Mutants of P . aeruginosa PAC1 which can grow on L-threonine have been isolated. This communication reports an investigation of the enzymes involved in the catabolism of threonine and the mechanism by which these mutants use threonine for growth.
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Bacterial strains. L-Threonine-utilizing mutants of Pseiidomonas aerrrginosa PACl (NCIB 10848) were isolated after treatment with N-methyl-N'-nitro-N-nitrosoguanidine (1 .O mg m1-I) as described by Brown et a/. (1969) . Suspension (0.2 ml) was plated on minimal agar containing L-threonine. After incubation for 4 to 5 d at 37 "C, colonies which appeared on the plates were cloned. L-Threonine-utilizing mutants LI, L2, L4 and L5 were obtained in this way and used for subsequent investigations. These mutants here maintained on L-threonine medium and subcultured monthly.
Media. The minimal medium was that of Brammar & Clarke (1964) with succinate (2 g 1-l) or threonine (3 g 1-l) as carbon sources, threonine being added aseptically after separate sterilization by filtration. Solid medium contained 1 Growth ofbacteria. Organisms were grown with shaking at 37 "C in Erlenmeyer flasks of capacity ten times the volume of medium. The parent culture of P . aeriiginosa PACl was grown in minimal medium with either succinate (2 g I-l) or succinate (2 g 1-l) plus threonine (3 g I-l) as the carbon source. The bacteria were harvested after 18 h growth when the cultures reached an of 0.5 to 0.6. Mutants which could ittilire L-threonine were normally grown in minimal medium with threonine (3 g 1-l) as the carbon source. Growth was slow initially and so the bacteria were incubated for 40 h, when the cultures reached an A6:" of 0.8, before harvesting. The harvested bacteria were washed twice in minimal medium and resuspended ii; potassium phosphate buffer (50 mM, pH 7.4) containing KC1 (0-14 M) and 2-mereaptoethanol ( 5 mM). The bacteria were disrupted by ultrasonic oscillation (20 kHz, 100 W; Soniprobe, type 1130A, Dawe Instruments) for 90 s at 4 "C. The debris was removed by centrifugation at 20000 g far 30 min at 4 "C. The supernatant was used for enzyme assay.
Enzyme assays. Threonine deaminase was determined colorimetrically by measuring the amount of 2-oxobutyrate formed at 37 "C, as described by Lam & Yeung (1978) . Threonine deaminase activity was also measured after adding various amounts of L-isoleucine (final concn 0.57, 1.7 or 2.8 mM) to each reaction mixture.
Threonine dehydrogenase was assayed by following the reduction of NAD spectrophotonietricatly. The reaction mixture contained Tris buffer, pH 8.77 (80 pmol), NAD (0.4pmol), L-threonine (100 pniol), enzyme extract (50 ,MI) and KCI (1 12 pmol) in a total volume of 1.05 ml. The absorption coefficient of NADH was taken to be 6.22 x lo3 1 mol-l cm-l.
Threonine aldolase was assayed by coupling the reaction to alcohol dehydrogenase (Dainty, 1970) . The reaction mixture contained NADH (0.27 pmol), L-threonine (60 pmol), alcohol dehydrogenase ( 1 unit), enzyme extract (100 1 4 , Tris buffer, pH 8.77 (60 pniol) and KCI (84 pmol) in a total volume cf I ml.
Determination ofprotein. Protein concentrations were determined by the Lowry method using bovine serum albumin as standard.
Materials. L-Threonine, disodium succinate hexahydrate salt, L-isoleucine, sodium 2-oxobutyrate, N AD (from yeast), pyridoxal 5-phosphateY nitroblue tetrazolium salt, phenazine methosulphate, 2-mercaptoethanol, acrylamide, bis-acrylamide, N-methyl-N'-nitro-N-nitrosoguanidine, alcohol dehydrogenase (from horse liver), bovine serum albumin, ovalbumin and y-globulin were all obtained from Sigma.
(w/v> Oxoid no. 1 agar. Media were sterilized at 120 "C for 15 min.
RESULTS
Threonine deaminase activity was present in extracts of the parent strain PACl and al! four L-threonine-utilizing mutants ( Table 1) . The activity of the enzyme from strain PACl and the mutants was strongly inhibited by isoleucine; 5030 of the PACl enzyme activity was lost at 0.82 mM-isoleucine while the mutant enzymes were inhibited to the same extent in the range 0.75 to 0.89 mmisoleucine. In all cases, plots of enzyme activity against isoleucine concentration were sigmoidal. The pH optimum of the enzyme from all mutants and the parent strain was between 8.7 and 9.2. The molecular weight of the deaminase was determined by Sephacryl-S200 superfine chromatography (Pharmacia) to be approximately 120000 for the enzyme from strain PACl and all the mutants. The deaminase from strain PACl and the mutants showed the same electrophoretic mobility, as determined by polyacrylamide electrophoresis (Davis, 1964; Feldberg & Datta, 1970) .
No threonine dehydrogenase activity was detected in strain PACl or the mutants when grown with succinate. However, when threonine was a major carbon source in the growth medium, it appeared to induce threonine dehydrogenase activity in the mutants but not in the parent strain (Table 1) . Table 1 
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. Threonine deaminase and threonine dehydrogenase activities of P. aeruginosa PACl and the threonirie-utilizing mutants
A double reciprocal plot was used to determine the apparent K, for L-threonine deaminase and L-threonine dehydrogenase from strain PACl and the mutnnts. The specific activities and the K,, values are expressed as means+ standard deviation. P > 0.05 between apparent K, of L-threonine deaminase of PACl (succinate) and PACl (succinatef threonine); P < 0.001 between PACl (succinate) and any one of the mutants (Ll, L2, L4 and L5). L-Threonine dehydrogenase was very unstable. Less than 50 yo activity was left in extracts assayed 1 h after sonication if the bacteria had been disrupted without 2-mercaptoethanol. The presence of 2-mercaptoethanol during disruption improved enzyme stability. There was still 37% and 12% activity left after these extracts had been stored for 4 d in liquid nitrogen or at -20 "C, respectively. Unlike the threonine deaminase, the threonine delnydrogenase activity of the mutants was not inhibited by L-isoleucine even at a concentration as high as 50 mM. The apparent K, for the dehydrogenase was similar in all the mutants (Table 1) .
No threonine aldolase activity could be detected in the parent strain PACl or in any of the threonine-utilizing mutants.
DISCUSSION
The threonine deaminase from all four mutants derived from strain PACl was as sensitive to inhibition by isoleucine as that of the parent enzyme. In contrast, the biodegradative enzyme from Salmonella typhimurium was not affected by isoleucine even at a concentration of 1 mM (Luginbuhl et al., 1974) . This suggests that the deaminase of the pseudomonad mutants is of the biosynthetic type, as is that of the wild-type PACl (Lam & Yeung, 1978) . It seems that the same threonine deaminase was synthesized though the bacteria were grown in different media ( Table 1) . The apparent K, for all mutant enzymes, however, was significantly different from that of strain PACl (Ta.ble 1). This lowered affinity of the deaminase for its substrate could be associated with the ability to utilize L-threonine for growth. Mutations which result in single amino acid substitutions at or near the substratebinding site could lead to change in the apparent K, values, without affecting the electrophoretic mobility or the pH optimum. This proposal could only be verified by fingerprinting of the hydrolysed peptides from the parent and the mutant deaminases.
There were considerable variations in the specific a2tivity of the dehydrogenase between different batches of culture and between each mutant ( Table 1) . Synthesis of the dehydrogenase may be very sensitive to small changes in the catabolites present in the growth medium. However, there was no difference in the enzyme activity and the apparent K,, values when the mutants were grown in medium cclntaining 0.276 succinate plus 0.3°,, threonine from that when the bacteria were grown in medium containing 0.376 threonine Short comm mica tion (unpublished results). The instability of the enzyme is more likely to be responsible for this fluctuation in activity. The apparent K, of the threonine dehydrogenase ranged between 4.13 and 5-26 mM (Table 1) , which is comparable to the value of 2.0 mM for the Pseudonzonas multivorans enzyme (Lessie & Whiteley, 1969) .
That the ability to utilize threonine is associated with the presence of threonine dehydrogenase activity in the mutants suggests that this enzyme plays a role in the degradation of threonine. Mutants of P. multivorans which are deficient in dehydrogenase activity lose the ability to grow on threonine (Lessie & Whiteley, 1969) . The involvement of the dehydrogenase in catabolism of threonine has also been shown in Escherichia coli (Potter ot al., 1977) . The appearance of an inducible enzyme (L-threonine dehydrogenase in this case) coded by a gene which remains silent under normal growth conditions, but is expressed after the bacteria have been subjected to mutagenesis and selection pressure, is not widespread but has been documented (Stevens & Wu, 1976; Wu, 1976) .
The mutants which can utilize threonine would require at least two mutations, one affecting the deaminase and the other resulting in the appearance of the dehydrogenase activity. Though the isolation procedure was such that each mutant must have arisen from a separate mutational event it is not possible to say whether or not several mutations had occurred.
No L-threonine aldolase activity could be detected in the parent strain or any of the mutants. This suggests that the metabolism of threonine in this species of P. aerz~giuosu is different from that reported for Pseudomonas putidu (Morris, 1969) and the Pseudoinonas species isolated from soil (Bell & Turner, 1977) .
